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Osteosarcoma (OS) represents the most prevalent primary bone malignancy in dogs,
and its growth and metastasis are highly dependent on angiogenesis. Gambogenic
acid (GNA), a principal active component of the traditional Chinese medicine
Garcinia hanburyi, has been demonstrated to possess broad-spectrum anti-tumor
activity with low toxicity. Nevertheless, its effect on tumor angiogenesis in the
canine OS has not yet been elucidated. This study aimed to investigate the effect of
GNA on angiogenesis in the canine OS. The McKinley and Gracie canine OS cell
lines were selected, and canine vascular endothelial cells (VECs) were isolated to
establish an OS-VECs co-culture system. This system was used to evaluate the
effects of GNA on the malignant behavior of OS cells and angiogenesis. Fibronectin

Type III and SPRY Domain Containing 1 (FSD1) were overexpressed to investigate
its role in canine OS cells and to determine whether it mediated the anti-tumor
mechanisms of GNA. A subcutaneous xenograft tumor model was constructed in
nude mice to validate the effects of GNA on tumor growth and angiogenesis. The
results showed that GNA, with ICs values of 0.28uM (McKinley) and 0.22uM
(Gracie), inhibited the malignant behaviors and vasculogenic mimicry capacity of
canine OS cells, and reduced the expression of several angiogenic factors. The
microenvironment of GNA-treated canine OS cells suppressed the angiogenic
capacity of VECs. Overexpression of FSD1 reversed the aforementioned anti-tumor
effects of GNA. Gambogenic acid inhibited transplanted tumor growth, decreased
microvessel density, and suppressed the expression of FSDI. In conclusion, this
study found that GNA effectively inhibited the canine OS growth and angiogenesis
by down-regulating FSD1, which supplemented the pharmacological mechanism of
GNA anti-tumor activity.
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INTRODUCTION

Osteosarcoma (OS) is the most common skeletal
malignancy in medium- and large-breed dogs, with an
incidence accounting for over 85% of all canine bone
tumors (Lee and Loukopoulos, 2024). Canine OS is
highly aggressive and exhibits a strong propensity for
early pulmonary metastasis. Although surgery combined
with adjuvant chemotherapy has prolonged the survival
time of affected dogs to a certain extent, the toxic side
effects and drug resistance associated with commonly
used chemotherapeutic agents, such as carboplatin and
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doxorubicin, constitute major bottlenecks limiting
therapeutic efficacy in treating this disease (Szewczyk et
al., 2015). Therefore, identifying highly effective and
low-toxicity anti-OS drugs and therapeutic strategies
represent critical issues that urgently need to be addressed
in the field of veterinary clinical oncology. Canine OS is
also recognized as a model for the human OS. Research in
this area may therefore provide fresh insights that would
benefit human patients as well.

Tumors cannot grow or spread without a blood
supply, so angiogenesis is necessary for their progression
(Al-Ostoot et al., 2021). Inside the OS microenvironment,
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cancer cells release a variety of pro-angiogenic factors
that activate vascular endothelial cells (VECs), break
down the basement membrane, and stimulate new vessel
formation (Gola et al., 2024). Canine OS can also form
vasculogenic mimicry (VM) — channels built by tumor
cells themselves that help feed the tumor (Massimini et
al., 2019). Higher microvessel density (MVD) has been
linked to more invasive disease, and elevated Vascular
Endothelial Growth Factor (VEGF) levels are tied to a
shorter disease-free interval in affected dogs (Gola et al.,
2024). These connections have made angiogenesis a
natural target for therapy. Drugs like bevacizumab, which
blocks VEGF, have shown some benefit in human OS, but
their long-term use is limited by their side effects and
drug resistance (Liu ef al., 2021).

Gambogenic acid (GNA) is a natural compound
extracted from gamboge, a resin secreted by Garcinia
hanburyi plants native to south Asia (Hatami et al., 2020).
It belongs to the polycyclic pyranone family and well
known for its strong anticancer effects, good stability, low
toxicity, and relatively low cost (Sun et al., 2018).
Gambogenic acid has shown strong activity against a wide
range of human cancers, including liver, gastric, and lung
cancer. Its reported mechanisms include triggering
apoptosis, disrupting the cell cycle (Mi et al., 2024), and
blocking tumor angiogenesis (Cheng et al, 2018).
Notably, researchers have developed GNA nanoparticles
(CRNP-GNA) to enhance the therapeutic efficacy of GNA
in targeting tumor vasculature (Du et al, 2023).
Additionally, GNA can increase the sensitivity of cancer
cells to chemotherapy and reduce their resistance to
multiple chemotherapeutic agents (Mi ef al., 2024). Thus,
GNA holds broad research prospects in the field of anti-
angiogenic tumor therapy; however, studies on GNA
targeting angiogenesis in the Canine OS are lacking.

Fibronectin Type III and SPRY (SPla and Ryanodine
Receptor) Domain-Containing 1 (FSD1) is a protein-
coding gene located at the centrosome (Stein ef al., 2002).
In glioblastoma (GBM), which is the most common,
fastest-growing, most serious and aggressive type of
primary malignant brain cancer, FSD1 restricts tumor cell
dissemination and invasion by inhibiting histone
deacetylase 6-mediated microtubule deacetylation (Xiao
et al., 2025). Furthermore, studies have indicated that
elevated FSD1 expression levels are associated with
decreased survival rates in patients with triple-negative
breast cancer (Chen et al., 2020). However, the
expression, function, and regulatory mechanisms of FSD1
in OS remain unknown. The FSD1 is a key protein in
cilium assembly, and its knockdown leads to defective
ciliogenesis (Tu et al.,, 2018). Several studies have
revealed that ciliary defects lead to abnormal
angiogenesis. (Xiong et al., 2020; Pant et al., 2025).
Therefore, a potential link may exist between FSD1 and
angiogenesis.

This study aimed to investigate whether GNA can
modulate angiogenesis in the canine OS and to explore the
underlying mechanisms, thereby further elucidating the
pharmacological effects of GNA against canine OS,
expanding the diagnostic and therapeutic horizons for
canine OS in the veterinary field, while also expecting to
provide significant comparative medicine implications for
the treatment of human OS.

Pak Vet J, 2026, 45(8): 1981-1994.

MATERIALS AND METHODS

Cell lines and cell culture: The canine OS cell lines
McKinley and Gracie were kindly provided by the Flint
Animal Cancer Center (Colorado State University,
USA). Cells were cultured in high-glucose DMEM
(Dulbecco's Modified Eagle's Medium) supplemented
with 10% fetal bovine serum (Vivacell, Israel) and
incubated at 37°C with 5% CO:. Only Mycoplasma-
negative cultures were used in all experiments. GNA
(Shanghai Yuanye Bio-Tech, China) was supplied as a
10mM stock solution in DMSO. For in vitro
experiments, the stock solution was diluted to the
desired working concentrations using DMEM
supplemented with 2% serum. The final DMSO
concentration in all treatment groups was below 0.01%.
An equivalent volume of DMSO at the same final
dilution was added to all control groups.

Experimental animals and ethics statement: Twelve
BALB/c nude mice aged 3 weeks and two Sprague-Dawley
(SD) rats aged 6 weeks were procured from the Liaoning
Changsheng Biotechnology Co., Ltd. and maintained under
Specific Pathogen-Free (SPF) conditions at Northeast
Agricultural University, Harbin, Heilongjiang, China. One
healthy male Beagle dog (aged 7 months) was provided by
the College of Veterinary Medicine, Northeast Agricultural
University for the isolation of vascular endothelial cells
(VECs). All procedures involving animals were conducted
under protocols sanctioned by the Experimental Animal
Research Ethics Committee of Northeast Agricultural
University (SRM-11).

Isolation, culture, and identification of primary canine
VECs: The cephalic vein (CV) and inferior vena cava
(IVC) were aseptically isolated from an anesthetized
Beagle dog. Vessels were digested with 0.1% type I
collagenase. Harvested cells were maintained in
Endothelial Cell Medium (ECM), as described earlier (Cai
et al., 2011) and characterized by immunofluorescence
and transmission electron microscopy.

Cellular immunofluorescence assay: Cells were fixed
and were permeabilized in 0.5% Triton X-100, blocked
with 5% goat serum, and incubated overnight at 4°C with
primary antibodies, followed by secondary antibody
incubation. Nuclei were stained with DAPI (5pg/mL) and
visualized under an inverted fluorescence microscope
(Pan et al., 2022).

Ultrastructural observation of cells: The samples
underwent an initial fixation in 2.5% glutaraldehyde and
were subsequently treated with osmium tetroxide. After
gradient dehydration and infiltration, the cells were
embedded and polymerized. Ultrathin sections (50—60nm)
were prepared, stained, and observed under a transmission
electron microscope (Hitachi, Japan), following
Tavakolikazerooni et al. (2025).

Cell proliferation and toxicity assay: McKinley (5x10°
cells/well) and Gracie (6x103 cells/well) cells were plated
in 96-well plates and exposed to nine different
concentrations (0.16, 0.20, 0.24, 0.28, 0.32, 0.36, 0.40,
0.44, and 0.48uM) of GNA for 48h. Cell viability was
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assessed by adding 110puL of serum-free medium
supplemented with 10% Cell Counting Kit-8 (CCK-8)
solution (MeilunBio, China) to each well. Following a 3h
incubation period at 37°C, optical density was recorded at
450nm. ICso values were derived from the cell viability
curves using nonlinear regression analysis (Wu et al.,
2023), and used as the dosing concentrations for
subsequent experiments.

Colony formation assay: McKinley and Gracie cells
were inoculated into 6-well plates at a concentration of
500 cells/well and subsequently maintained at 37°C with
or without GNA for 10d. Following a PBS wash, the
colonies were fixed using 4% paraformaldehyde for 15
min. After a second PBS rinse, the samples were treated
with 0.1% crystal violet solution for 20 min, and finally
rinsed with distilled water, air-dried, and imaged
following the procedure of Jiang et al. (2022).

Transwell migration and invasion assays: McKinley
and Gracie cells were resuspended in serum-free medium
at a concentration of 5x10* cells/well and seeded into the
upper chamber of Transwell inserts (Corning, USA), and
incubated at 37°C for 24h with or without GNA. The
bottom chambers were supplied with 600uL of DMEM
supplemented with 20% serum. The co-cultured VECs
were subsequently collected for Transwell migration
assay under the same conditions. Following fixation, the
migrated cells were stained using 0.1% crystal violet and
subsequently visualized via microscopy. For the invasion
assay, 60uL diluted Matrigel (Mogengel, China) was pre-
coated on the upper chamber. The number of migrated or
invaded cells was recorded from three randomly selected
fields per insert following Wu et al. (2023).

Cell wound healing assay: McKinley and Gracie cells were
plated in 12-well plates and allowed to reach confluence. A
linear scratch was then introduced into the monolayer using
a sterile 10uL pipette tip. After washing away detached
cells, the remaining cells were incubated with or without
GNA, and images were documented at 0, 6, and 12h.
Wound area was quantified using ImageJ (Pan ef al., 2022).

Real-time PCR: RNA extraction was performed using the
Eastep® Super RNA Extraction Kit, and cDNA was
generated using the GoScript™ Reverse Transcription Kit
(Promega, China). Using the Light Cycler® 480 II
instrument (Roche, China) and 2xSYBR Green Master Mix
(Bimake, China), amplification reactions were carried out.
Gene expression was quantified using the 2"AACt formula
with GAPDH serving as the endogenous control (Zhao et
al., 2022). Primer details are provided in Table 1.

Western blotting: Total protein was isolated, run on
SDS-PAGE, and blotted onto PVDF membranes. Blots
were probed with primary antibodies (4°C, overnight) and
secondary antibodies (room temperature, 2h). Bands were
visualized with a gel imager and analyzed via Imagel
software, according to Zhao et al. (2022). Antibody
information is provided in Table 2.

Tube formation assay: The bottoms of 24-well plates were
covered with pre-chilled Matrigel and incubated at 37°C for
1h to ensure solidification. VECs from each co-culture
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group (1.5x10° cells/well) were seeded onto the Matrigel
surface and incubated at 37°C for 6h. Tube formation was
observed under an inverted microscope and photographed.
Tubular structures were defined as closed, elongated
networks connecting individual cells, and the number of
complete tubes was counted from three randomly selected
fields per well using ImageJ software (Prisco ef al., 2014).

Table I: Primers used for real-time PCR
Gene  Accession Product Primer sequences (5-3")

Number size (bp)
FSDI  XM_0384290673 FCTTGTGCAAGATCTCCGGGC
8.1 RCGAGAGGCTGGTAGTGATGAG
MMP2 XM_03865932 74 FTGTGGGACCACGGAAGACTA
7.1 RCCAATAGTGGACATGGCGGT
VEGFA NM_00100317 145 FTTATCCAGGGCTTACCCTCCT
5.3 RTTTGGGGAAGTAAAGGCGCA
HIF-la NM_00128716 138 FCCATTTTCCACCCAGGACACT
3.1 RGCTCGCACTTTGAGGACTTG
ANGPTXM_03868452 139 FCTCATGCTAACAGGAGGCTG

-1 1.1 RGTAAGGAGTAACTGGGCCCTT
ANGPTNM_0010481279 FTCCACAGAGGAGATAAAGGATTC
-2 6.1 AC

RTCCTGGTTGGCTTATGCTGC
FTGCCTCCTGCACCACCAAC
RCCGTCACGCCACATCTTCCC

GAPD NM_00100314150
H 2.2

Table 2: Primary antibody sources for Western blotting

Antibody name  Source Dilution ratio
FSDI 124848, Zenbio, USA 1:1000
MMP2 Cl2L21, Selleck, China 1:1000
VEGFA G24NI I, Selleck, China 1:500

HIF-1a WLO01508, Wanleibio, China 1:1000
ANGPT-1 G8C23, Selleck, China 1:1000
ANGPT-2 M10L24, Selleck, China 1:10000
GAPDH 60004-1-Ig, Proteintech, USA 1:50000

Aortic ring sprouting assay: Thoracic aortas from SD
rats were sectioned into Imm rings, digested in 2g/L type
II collagenase until the outer membrane becomes loose.
These digested rings were then embedded in Matrigel, and
cultured with CM mixed with VEC complete medium,
and incubated at 37°C for 7d. Sprouting was observed and
counted (Baker et al., 2011).

Subcutaneous xenograft model: Nude mice were
randomized into GNA and control groups (n = 6/group),
and acclimatized for 7 days prior to tumor inoculation.
Gracie cells (1x107 cells per mouse) in a PBS-Matrigel
mixture were injected subcutaneously into the right axilla
of nude mice in the control and GNA groups. GNA
(4mg/kg), dissolved in a vehicle containing 1% DMSO,
10% PEG300, 5% Tween-80, and 84% 0.9% NaCl, was
injected intraperitoneally every 2 days for 48 days; the
CON group received the vehicle alone. Tumor growth was
monitored every 6 days via digital caliper measurements,
and volumes were computed as (lengthxwidth?)/2. At the
study endpoint (day 48), mice were euthanized, and the
tumors were resected, weighed, and imaged. Tumor volume
measurement and tumor weighing were performed by
investigators blinded to the treatment group allocation.

Immunohistochemical staining: Tumor tissues underwent
fixation, dehydration, embedding, sectioning,
deparaffinization, rehydration, and antigen retrieval. The
slides were treated with primary antibodies against CD31,
VEGFA, and FSD1 (overnight, 4°C) and subsequently
exposed to biotinylated secondary antibodies at room
temperature. Visualization was achieved using a DAB
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substrate kit, followed by hematoxylin counterstaining.
Images were observed and scanned under microscope
(Novikova et al., 2016). For CD31 staining, microvessel
density (MVD) was assessed by manually counting CD31-
positive vessels in three randomly selected high-power
fields (200 magnification) per section, and the MVD value
for each sample was calculated as the average count across
the three fields. For VEGFA and FSDI1 staining, the H-
score method was used. Staining intensity was scored as 0
(negative), 1 (weak), 2 (moderate), or 3 (strong), and the
percentage of cells at each intensity level was estimated in
three randomly selected fields (x200 magnification) per
section. The H-score was calculated as: H-score = (1x%
weak) + (2x% moderate) + (3%% strong), yielding a range
of 0-300. For visual consistency with the CD31 data, the
H-score values were normalized to the CON group and
presented as relative staining strength. Data quantification
was conducted by two independent investigators who were
blinded to the experimental conditions.

FSD1 overexpression: FSD1 overexpression and negative
control plasmids (Shanghai GeneChem Co., Ltd.) were
transfected into McKinley and Gracie cells using E-trans
reagent. McKinley and Gracie cells were seeded into 6-well
plates. When the cell density reached approximately 80%,
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according to the manufacturer's instructions. After 6h, the
transfection medium was discarded and replaced with fresh
culture medium (Yang et al.,, 2017).

Statistical analysis: Data normality was assessed using the
Shapiro-Wilk test for datasets with n=6. All data are
expressed as mean + SD. For comparisons between two
groups, an independent sample t-test was used. For
comparisons among three or more groups, one-way
ANOVA followed by Tukey's post hoc test was applied.
All statistical analyses were performed using GraphPad
Prism 10.

RESULTS

GNA inhibits the malignant behaviors of canine OS
cells: The results of the CCK-8 assay showed that GNA
inhibited the proliferative activity of both canine OS cells
lines in a dose-dependent manner (Fig. 1A). The ICso
values of GNA were determined to be 0.28uM for
McKinley cells and 0.22uM for Gracie cells, and these
concentrations were used as the GNA doses for the
treatment groups in subsequent experiments. After
treatment with GNA, McKinley and Gracie -cells

the plasmids, E-trans, and transfection reagent (Shanghai ~ clonogenesis (Fig. 1B), migration (Fig. 1C-D), and
GeneChem Co., Ltd.) were added at the appropriate ratios ~ invasion (Fig. 1E) decreased (P<0.05).
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Isolation, culture, and identification of canine VECs:
Two types of VECs were obtained from canine veins:
VECs derived from the cephalic vein (CV VECs) and
VECs derived from the inferior vena cava (IVC VECs).
After 4 days, both colonies that formed expanded into a
confluent cobblestone monolayer by day 8 (Fig. 2A).
CCK-8 assays confirmed stable proliferation upon
passaging (Fig. 2B), and transmission electron
microscopy revealed Weibel-Palade bodies, a defining
feature of endothelial cells, in both cell types (Fig. 2C).
Cellular immunofluorescence staining showed that both
VEC types were positive for the endothelial cell-specific
antigen CD31, with CD31 positivity rates of 98.11 and
98.87% for CV VECs and IVC VECs, respectively (Fig.
2D). Collectively, two high-purity, stably passaged canine
VEC models were successfully obtained for subsequent
co-culture experiments.

GNA inhibits tumor angiogenesis in canine OS in
vitro: The effects of GNA on the expression of

angiogenic factors in canine OS cells were examined by
qRT-PCR and Western blot. The results showed that the

A-
B

days

* CVVEC
. ® IVCVEC
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mRNA (Fig. 3A) and protein expression levels (Fig. 3B)
of ANGPT-1, ANGPT-2, MMP-2, VEGFA, and HIF-1a
in both McKinley and Gracie cells were significantly
decreased (P<0.05) following GNA treatment. The tube
formation assay demonstrated that both McKinley and
Gracie cells exhibited VM, and GNA significantly
inhibited (P<0.05) the VM of both cell lines (Fig. 3C). At
ICso concentrations of 0.28 and 0.22uM, GNA did not
markedly reduce VEC viability, which stayed above 95%
(Fig. 4A), suggesting low direct toxicity. To examine the
effect of GNA on endothelial cells within the tumor
microenvironment, two models, a Transwell co-culture
system and a conditioned medium model, were
established (Fig. 4B). The results showed that, compared
with the CON group, the cell viability (Fig. 4C),
migration (Fig. 4D), and tube formation (Fig. 4E) abilities
of both CV VECs and IVC VECs co-cultured with GNA-
treated canine OS cells were decreased (P<0.05).
Conditioned medium collected from GNA-pretreated
tumor cells was applied to rat aortic rings. GNA
attenuated (P<0.05) the ability of canine OS cells to
induce aortic ring sprouting (Fig. 4F).
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Fig. 2: Results of canine VEC isolation and identification. (A) Morphology of primary canine VECs. a and b respectively show the morphology of
primary CV VECs after 4d and 8d of culture; c and d respectively show the morphology of IVC VECs after 4d and 8d of culture. Scale bar: 150um. (B)
Growth curve of two types of VECs after subculture. (C) Identification results of VECs by transmission electron microscopy. White arrows indicate
Weibel-Palade bodies. a and b show the ultrastructure of CV VECs and IVC VECs. Scale bar: | pm. (D) Immunofluorescence assay results and data

analysis charts. Scale bar: 20um.
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Fig. 3: Effects of GNA on in vitro tumor angiogenesis in canine OS. (A) mRNA expression changes of angiogenic factors in McKinley and Gracie cells.
(B) Protein expression changes of angiogenic factors in McKinley and Gracie cells. (C) VM formation capacity changes of McKinley and Gracie cells.

Scale bar: 150pum. *P<0.05 versus CON group.

FSD1 reversed the inhibitory effect of GNA on the
malignant behaviors of canine OS cells: The qRT-PCR
and Western blot analysis showed that GNA treatment
significantly reduced (P<0.05) the mRNA (Fig. 5A) and
protein expression (Fig. 5B) of FSD1 in both McKinley
and Gracie cells. To further explore the role of FSDI in
the antitumor effects of GNA in vitro, transient FSDI
overexpression models (0oeFSD1) were constructed in
McKinley and Gracie cells, with a negative control (NC)
group established in parallel. The experiment included
four groups: NC, NC+GNA, 0eFSD1, and 0eFSD1+GNA.
The results showed that oeFSD1 promoted (P<0.05) the
cell viability (Fig. 5C), colony formation (Fig. 5D),
migration (Fig. 5SE-F), and invasion (Fig. 5G) abilities of
both McKinley and Gracie cells, and reversed (P<0.05)
the inhibitory effects of GNA on these capacities.

FSD1 reversed the inhibitory effect of GNA on
angiogenesis in canine OS cells: qRT-PCR results

showed that, compared with the NC group, the mRNA
expression levels of ANGPT-2, MMP-2, VEGFA, and
HIF-1o were upregulated (P<0.05) in the oeFSD1 group
in both McKinley and Gracie cells; however, the mRNA
expression of ANGPT-1 exhibited opposite trends in the
two cell lines following oeFSD1. Moreover, compared
with the NC+GNA group, 0eFSDI1 reversed (P<0.05) the
inhibitory effect of GNA on the mRNA expression of
these factors in both canine OS cell lines, as shown in the
0eFSD1+GNA group (Fig. 6A). Western blot results
demonstrated that oeFSDI1 increased (P<0.05) the protein
expression levels of ANGPT-1, ANGPT-2, MMP-2,
VEGFA, and HIF-1lo in both canine OS cell lines and
markedly reversed the inhibitory effect of GNA on the
protein expression of these factors (Fig. 6B). The tube
formation assay indicated that oeFSD1 significantly
promoted the tube-forming capacity of both canine OS
cell lines and (P<0.05) reversed the inhibitory effect of
GNA on this capacity (Fig. 6C).
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The results showed that, compared with the NC
group, the cell viability (Fig. 7A), migration (Fig. 7B),
and tube formation (Fig. 7C) abilities of both CV VECs
and IVC VECs co-cultured with 0eFSD1 canine OS cells
were enhanced (P<0.05). Moreover, compared with the
NC+GNA group, the inhibitory effects of GNA on these

abilities were reversed (P<0.05) in the oeFSD1+GNA
group. Conditioned medium from each group was
collected and applied to rat aortic rings. It was seen that
0eFSD1 significantly enhanced the ability of canine OS
cells to induce aortic ring sprouting and reversed (P<0.05)
the inhibitory effect of GNA on this ability (Fig. 7D).
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GNA inhibits tumor growth and angiogenesis in
canine OS in vivo: The mean tumor weight in the GNA
group was significantly lower than that in the CON group
at the end of the modeling period (Fig. 8A). During the
modeling period, the growth rate of subcutaneous
xenograft tumors in nude mice in the GNA group was
markedly slower than that in the CON group (Fig. 8B).

Notably, non-significant difference in body weight was
observed between the GNA group and the control group
(Fig. 8C), indicating that GNA did not affect body weight
gain in nude mice. Immunohistochemical staining showed
that the GNA group exhibited a significant reduction in
tumor MVD and markedly decreased expression levels of
VEGFA and FSD1 (Fig. 8D).
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DISCUSSION

Canine osteosarcoma (OS) is the predominant form
of primary bone cancer in dogs. Despite the current
standard of care combining amputation with high-dose
postoperative chemotherapy, the median survival of dogs
with OS remains under 12 months (Lee and Loukopoulos,
2024). Natural products have drawn interest in the
development of drugs for cancer treatment because they
often show good efficacy with relatively low toxicity.
Gambogenic acid (GNA) is a flavonoid that selectively
suppresses the growth of multiple cancer cell types,
offering broader activity and a better safety profile than
related compounds like gambogic acid (Sun ef al., 2018).
In the present study, GNA markedly inhibited the
malignant behavior of canine OS cells with ICso values of
0.28uM  (McKinley) and 0.22uM (Gracie). For
comparison, natural compounds such as sulforaphane
have also shown activity against canine OS cells, with
reported ICso values of 37.5uM (D17) and 18.3uM
(0S2.4) (Rizzo et al, 2017), indicating a substantially

lower effective concentration of GNA. A recent study has
shown that GNA had very low toxicity toward canine
MDCK kidney cells, with cell survival remaining at
93.33% after treatment with 0.28uM GNA (Li et al.,
2025). Likewise, GNA caused minimal damage to normal
tissues in a mouse prostate cancer model (Wu et al,
2022). In terms of pharmacokinetics, the plasma half-life
of GNA in dogs following intravenous administration of
Img/kg was 141.74+7.92min (Chen et al., 2014), which is
substantially longer than that of antitumor agents such as
paclitaxel (2.5mg/kg, intravenous), reported to be
30.6+£10.8min in female dogs and 21.6+10.8min in male
dogs (Liu et al., 2014). Together, properties, such as
strong antitumor activity, low toxicity, and favorable
pharmacokinetics, make GNA a promising candidate for
OS therapy.

From a translational perspective, the ICso values of
GNA (0.22-0.28uM) determined in this study are
substantially lower than the maximum plasma
concentration (~9.01pM) achieved in dogs following
intravenous administration of GNA at 1mg/kg (Chen et
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al., 2014). While direct extrapolation from in vitro ICso
values to in vivo efficacy must be interpreted with
caution, this comparison provides a preliminary indication
that pharmacologically relevant concentrations of GNA
may be achievable in vivo. Using the FDA body surface
area-based dose conversion method, the 4mg/kg mouse
dose used in our xenograft model corresponds to a canine
equivalent dose of approximately 0.6mg/kg, which is
within a range comparable to the 1 mg/kg dose previously
evaluated in dogs without severe toxicity (Chen et al.,
2014). These observations suggest that GNA may possess
a favorable therapeutic window, although dedicated dose-
escalation and toxicity studies in dogs are required to
confirm its clinical applicability.

Canine OS mostly relies on abundant blood vessels
for its growth and metastasis, so angiogenesis plays the
most important role in its biology (Gola ef al., 2024). Yet
effective anti-angiogenic therapies are not available. This
study showed that GNA lowered the expression of
VEGFA, HIF-la, MMP-2, ANGPT-1, and ANGPT-2
simultaneously. VEGF, in particular, is a key driver of
vessel formation in OS and is strongly associated with the
tumor aggressiveness and prognosis (Gola et al., 2024).
Hypoxia within the OS microenvironment activates HIF-
la, which in turn upregulates VEGF (Gola et al., 2020)
and ANGPT-2 (Xu and Tang, 2024). The significant
inhibition of HIF-la by GNA observed in the present
study may therefore partially account for the concurrent
downregulation of VEGFA and ANGPT-2. These results
suggest that GNA may coordinately suppress multiple
pro-angiogenic factors, at least in part, through the
modulation of basal HIF-la levels, a notion partially
consistent with the findings of Xun ef al. (2024). Whether
GNA also affects HIF-1a expression under true hypoxic
conditions remains to be investigated in future studies.
ANGPT]1 stabilizes mature vasculature through TIE2
activation (Fagiani et al., 2011); its partial suppression by
GNA implies that GNA may disrupt existing tumor
vessels in addition to inhibiting neovascularization. The
MMP-2 is highly expressed in OS and correlates with its
malignancy and poor prognosis (Gao et al., 2023).
Downregulation of MMP-2 by GNA recorded in this
study suggests that GNA may reduce extracellular matrix
degradation, thereby impeding VEC recruitment toward
tumor cells. Importantly, while clinically used anti-
angiogenic agents such as bevacizumab, sunitinib, and
sorafenib are associated with limited efficacy and various
adverse effects including hypertension, hemorrhages, and
cardiotoxicity (You et al, 2023), GNA exhibited
favorable safety; with ICso values of 0.28uM (McKinley
cell line) and 0.22uM (Gracie cell line), viability of both
canine primary VECs types remained above 95%,
indicating that GNA preserves a meaningful safety margin
toward normal vasculature while exerting potent anti-
angiogenic effects.

Besides five angiogenic factors (VEGFA, HIF-la,
MMP-2, ANGPT-1, and ANGPT-2), tumor angiogenesis
can also depend on other factors. Therefore, a thorough
evaluation of anti-angiogenic activity calls for multiple
experimental approaches. In this study, both VM assays
and OS-VEC co-culture systems were used to examine the
anti-angiogenic effects of GNA. Gambogenic acid (GNA)
suppressed VM formation in canine OS cells and,
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impaired the proliferation, migration, sprouting, and tube
formation of VECs in a co-culture setting that mirrors the
tumor microenvironment. A particular strength of the
experimental design was the use of primary canine VECs
instead of the standard human umbilical vein endothelial
cells, yielding a fully homologous system that avoids
species-mismatch artifacts. As VECs from distinct
anatomical origins may differ phenotypically and
functionally (Aranguren et al., 2013), two types of canine
primary VECs (derived from the CV and IVC) were
isolated; their concordant responses to GNA treatment
further supported the generality of our findings. This
homologous platform also served as a reliable in vitro
model for future canine OS angiogenesis research.
Consistent with the established association between
elevated MVD and high-grade OS (Gola et al., 2024),
GNA significantly reduced tumor MVD and VEGFA
expression in vivo, corroborating its anti-angiogenic
efficacy.

Of note, FSD1 has been reported to exert opposing
roles in different tumor types—tumor-suppressive in
glioblastoma (Xiao ef al., 2025) and oncogenic in breast
cancer (Chen et al, 2020)—highlighting the context-
dependent nature of its function and the necessity of
investigating FSD1 specifically in OS. The results of the
present study indicate that FSD1 promotes malignant
behaviors in two canine OS cell lines, providing a
reference for exploring the functional role of FSDI1 in
canine OS. Based on existing research, mechanistic
speculation  regarding  whether FSD1  regulates
angiogenesis may have been limited to its influence on
endothelial cell cilia. However, from a structural biology
perspective, FSDI1 contains both the SPRY domain and a
fibronectin type III (FNIII) domain. In glioblastoma,
upregulated SPRY?2 expression is associated with poor
patient prognosis and promotes tumor growth and
angiogenesis by maintaining the tumorigenic capacity of
tumor stem cells and inducing VEGF expression (Park et
al., 2017). Concurrently, the expression level of tenascin-
C, which contains FNIII domains, is positively correlated
with WHO grade and promotes VM formation through its
EGF-like domain (Chen et al., 2024). In conjunction with
the findings of the present study that FSDI1
overexpression significantly reversed the inhibitory effect
of GNA on the five angiogenic factors in both canine OS
cell lines, it can be inferred that FSD1 may reside
upstream within the regulatory network of the
aforementioned five angiogenic factors, thereby exerting a
regulatory effect on angiogenesis in canine OS. The
precise molecular link between FSDI1, a centrosome-
localized protein, and the transcriptional regulation of
angiogenic factors remains to be fully elucidated.

The translational relevance of our findings based on
the canine OS model to human OS warrants further
investigation. Canine OS shares key features with its
human counterpart in biology, molecular mechanisms,
and drug response, making it a useful comparative model
(Romanucci et al., 2023). Unlike conventional xenograft
models, canine OS model is characterized by spontaneous
onset, intact immune system, and fast progression features
that allow drug testing in a more relevant tumor
environment (Romanucci et al., 2023). In such models,
tumors grow in immunocompetent hosts under natural
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conditions, offering a more faithful readout of therapeutic
effects. Previous studies have shown that GNA blocks OS
cell proliferation via the USP9x/SOX2 pathway (Chen et
al., 2020). Together with this work and the recent report
by Li ef al. (2025), the cumulative evidence suggests that
GNA exhibits activity against OS across species, making
it an attractive candidate for joint veterinary and human
drug development.

Several avenues warrant further investigation. First,
the molecular mechanism by which FSD1 regulates
angiogenic factor expression remains to be defined.
Elucidating whether FSDI1 interacts with specific
transcription factors or co-activators will require Co-IP
coupled with mass spectrometry to identify FSDI-
interacting proteins, combined with ChIP-seq to delineate
its downstream transcriptional network. Second, while
this study focused on FSD1 function in canine OS cells,
its expression changes in tumor-derived VECs and its
impact on tumor vascular structure and function deserve
further exploration. Third, the primary canine VECs used
in this study were isolated from a single Beagle dog, and
biological variability among individual donors was not
captured. Although two distinct VEC populations from
different anatomical sites (CV and IVC) showed
consistent results, future validation using cells from
multiple independent donors is warranted. Additionally,
these primary VECs have limited passage capacity, and
the establishment of immortalized cell lines would
facilitate long-term investigations. Finally, the expression
profile of FSD1 in clinical canine OS specimens and its
correlation with patient prognosis should be validated
through the use of relevant tissue.

Conclusions: Gambogenic acid (GNA), at its ICso
concentrations of 0.28uM for McKinley cells and 0.22uM
for Gracie cells, inhibited the malignant behaviors and
vasculogenic mimicry, and downregulated the expression
of five angiogenesis-related factors in canine OS cells,
including ANGPT-1, ANGPT-2, MMP-2, VEGFA, and
HIF-1o. It also suppressed the angiogenic capacity of VECs
within the tumor microenvironment. Overexpression of
FSD1 significantly reversed the above-mentioned anti-
tumor effects of GNA. Furthermore, GNA inhibited
xenograft tumor growth and angiogenesis in vivo. These
findings identify FSD1 as a key mediator of the anti-
osteosarcoma effects of GNA and suggest that GNA
represents a promising candidate for canine OS therapy.
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